Pulsed-field gradient NMR (PFG-NMR) is widely applied to probe living tissues and biological cells structure for measuring thermodynamic binding constants, membrane permeability and rates of transmembrane exchange processes. Water movements in biological systems and food matrices are important in the engineering aspect such as quality manipulation in food processing. The measurement of diffusion properties of water molecules in food systems is now possible using PFG-NMR, and the hydration properties and hydrodynamic properties of food materials can be accurately evaluated by this method. In this paper, we measured the diffusion behaviour of water in protein matrix, Tofu, and the membrane permeability in biological cell such as chlorella, yeast and human red blood cell noninvasively by PFG-NMR.
measured the diffusional water permeability of red blood cells from different species of animals including man by using PFG NMR, and Waldek et al. [7] studied the effects of cholesterol on transmembrane water diffusion in human erythrocytes by the same method. Self-diffusion of water and oil in peanuts [8] , and diffusion coefficient of bound water in cotton fiber and plant tissue [9] were also measured by PFG-NMR technique. Schoberth et al. [10] measured the diffusional water permeability in Corynebacterium glutamicum by using home-built PFG NMR spectrometer at a proton resonance frequency of 400 MHz with maximum field gradient amplitude of 24 T/m. With this equipment, they could reduce the observation time to less than 1 ms, which enables the measurement of self diffusion coefficient of water in a compartment as small as a bacterial cell.
We have measured the self-diffusion coefficients of water in chlorella and yeast cells [11, 12] , human red blood cell [13] and soybean curd, Tofu [14] , by using pulsed field gradient (PFG) NMR. In this study, the theoretical bases of cellular water permeability calculation from the self-diffusion coefficient measurements are reviewed and the results of our investigation are introduced.
1. NMR techniques for measurement of water transport in biomaterials.
There are two methods most widely investigated for the measurement of water transport in biological cells; NMR relaxation technique and pulsed field gradient (PFG) NMR technique.
NMR relaxation technique
In the relaxation paramagnetic doping method, the water exchange time, r, is calculated from the longitudinal (T1) and transverse (T2) relaxation times of the water in the interior and exterior compartment by Mn2+-doping 1H
NMR.
1/ƒÑe=1/T2a -1/T2i (1) where T2i and T2a is transverse relaxation time of water in the cell interior without Mn2+ and in extracellular suspension containing Mn2+.
The membrane permeability of water is calculated from the rate constant, k, and the ratio of volume and surface area of cell (V/S). 
Pulsed field gradient NMR technique
In PFG NMR technique, stimulated spin-echo sequence (STE) and longitudinal eddy current delay sequence (LED) are widely used. Figure 1 shows the stimulated echo pulse sequences with the magnetic field gradient pulses. The attenuation curves of cellular waters show non-exponential decays. For the multiphase system the following equation is used. self-diffusion coefficient, the permeability, Peff and the restricted area (cell size), a, are estimated by the following relationship for pore system.
where D0 is non-restricted self-diffusion coefficient at td 0, Dp is hindered self-diffusion coefficient. By using scaling approach, the calculated dependencies DSeff (td) proportional to td-1 are analyzed.
• 
Experiments with human red blood cell
In our earlier study with red blood cell for the water permeability of smokers and non-smokers, the attenuation decay signal scattered different from yeast and chlorella cells, and we were not able to obtain reliable measurement of self-diffusion coefficient and permeability of water of red blood cell [17] . In order to overcome this problem, we These values are in good agreement with the permeability, pd, obtained by using the exchange rates of intracellular water molecules k and cellular volume to surface ratio V/S in Eq. (2) . We were not able to conclude any differences between genders, smokers and non-smokers, and blood cholesterol level with this small number of sample [13] . Applying bipolar pair to the sequence reduced the phase distortion and improved the diffusion decay spectrum. The best spectrum and diffusion decay were obtained by bipolar pairs longitudinal eddy current (BPPLED) sequence. Scaling approach allowed us to estimate average cell size a and free intracellular water self-diffusion coefficient D0.
